The interplay between dietary nutrients, gut microbiota and mammalian host tissues of the gastrointestinal tract is recognised as highly relevant for host health. Combined transcriptome, metabonome and microbial profiling tools were employed to analyse the dynamic responses of germfree mouse colonic mucosa to colonisation by normal mouse microbiota (conventionalisation) at different time-points during 16 days. The colonising microbiota showed a shift from early (days 1 and 2) to later colonisers (days 8 and 16). The dynamic changes in the microbial community were rapidly reflected by the urine metabolic profiles (day 1) and at later stages (day 4 onward) by the colon mucosa transcriptome and metabolic profiles. Correlations of host transcriptomes, metabolite patterns and microbiota composition revealed associations between Bacilli and Proteobacteria, and differential expression of host genes involved in energy and anabolic metabolism. Differential gene expression correlated with scyllo-and myo-inositol, glutamine, glycine and alanine levels in colonic tissues during the time span of conventionalisation. Our combined time-resolved analyses may help to expand the understanding of host-microbe molecular interactions during the microbial establishment.
Introduction
The mammalian gastrointestinal tract is a home to an estimated 100 trillion microbial cells, representing the largest microbial community associated with the mammalian body (Savage, 1977; Lee and Mazmanian, 2010) . This complex ecosystem provides a vast reservoir of metabolic capabilities that complement the metabolism of the host (Bäckhed et al., 2004; Nicholson et al., 2005; Turnbaugh et al., 2009) and has a crucial role in the developmental and nutritional processes in the intestine (Kau et al., 2011) . The colon is the most prominent site of microbial colonisation, with bacterial densities reaching up to 10 12 per gram of content (O'Hara and Shanahan, 2006) . Nevertheless, the effects of the intestinal microbiota can be observed in diverse regions of the host. 'Top-down' systems biology using metabolic profiling of conventional mice revealed large, systemic effects of the microbial community on absorption, storage and metabolism of dietary compounds (Martin et al., 2007; Claus et al., 2008) . These, and other studies, have demonstrated that host metabolism is responsive to intestinal-microbial metabolism, which provides complementary pathways for resorption and assimilation of dietary ingredients and drugs .
In recent years, a clear influence of changes in the human diet on gut microbiota has been shown, to the extent that there appears to have been a coevolution between the diet, human and the composition of the human microbiota (Walter and Ley, 2011) . The microbiota is composed of well-established, resident bacteria that form long-term associations with the host, as well as transient bacteria that do not colonise the gastrointestinal tract permanently. This large and dynamic community undergoes dramatic changes after initial colonisation of the neonates (Hooper, 2004; Palmer et al., 2007) . During colonisation, all microbes compete and have to resist the host's defence systems (Ley et al., 2006) . Stable establishment of microbial groups requires cooperation in food networks, such as cross-feeding where metabolites from one organism act as a substrate for another (Duncan et al., 2004; Fischbach and Sonnenburg, 2011) .
In the intestinal-microbial ecosystem, the most prominent microbial activity is the fermentation of dietary or host-derived components, in particular, the conversion of non-digestible carbohydrates and host glycans into short chain fatty acids (SCFAs) (Bäckhed et al., 2004) . SCFAs activate a G-protein coupled receptor 43, which has an important role in immune modulation (Maslowski et al., 2009) , and has a key-role in the regulation of energy balance (Bjursell et al., 2011) . In addition to fermentation of dietary or host glycans, the microbiota synthesises essential vitamins such as vitamin K and certain B vitamins; these vitamins have to be supplemented to the feed of germfree animals (Hooper et al., 2002) . In fact, the co-evolution of the host-microbe interaction has enabled mammals to harvest nutrients from novel sources (Bäckhed et al., 2005; Walter and Ley, 2011) . In return, the gut microbiota are provided with a nutrient-rich niche that enables bacterial growth (Hooper et al., 2002) , and that has been proposed to provide high-affinity adhesion sites for specific microorganisms to accommodate their persistence in the intestine (Bäckhed et al., 2005) , contributing to colonisation resistance via antagonism against incoming pathogenic bacteria (Salyers and Pajeau, 1989; Hultgren et al., 1993) .
There is an increasing evidence for an association between changes in proper microbial colonisation (dysbiosis) and development of human disease (Neish 2009 ). Dysbiosis of the microbial community has been associated with a variety of diseases including inflammatory bowel disease and colon cancer (Azcárate-Peril et al., 2011) along with systemic diseases (Huycke and Gaskins 2004) such as obesity (Bäckhed et al. 2004; Bäckhed et al. 2007) . In view of the increasing awareness of diseaseassociated shifts in intestinal microbiota communities, it is important to improve our understanding of the molecular basis and dynamics of homoeostatic host-microbe interactions. To this end, we aimed to monitor the succession of microbial colonisation of germfree mice and the corresponding changes in the host-microbe metabolic relationships. Following conventionalisation, the timeresolved composition of colonic microbial communities was determined in parallel with colon mucosa transcriptomes, and 1 H NMR (hydrogen-1 nuclear magnetic resonance) spectroscopic profiling of the colonic tissue and urine. Statistical modelling showed correlations between microbial diversity and host transcriptome and metabonome, and allowed us to reconstruct a comprehensive overview of the transient and more permanent alterations in the symbiotic host-microbe relationship.
Materials and methods
Animals, experimental design and sampling All procedures were carried out according to the European guidelines for the care and use of laboratory animals and with permission 78-122 of the French Veterinary Services. Germfree and conventionalised mice (male, C57 BL/6J) were maintained in sterile conditions, on a commercial laboratory chow diet. After 2 weeks of acclimatisation and diet adaptation, a first set of germfree mice (n ¼ 3) were randomly assigned to killing by oral anaesthesia using isoflurane. The remaining germfree mice were conventionalised by oral gavage with 0.5 ml of mixed faecal suspension obtained from 0.2 g of freshly obtained faecal material of conventionally raised mice (C57 BL/6J) diluted 100-fold in Brain Heart infusion broth. Following conventionalisation, the mice were maintained in the isolator in standard cages with six mice per cage, until the moment of killing. Two independent biological experiments were performed using mice of different age after 2 weeks of acclimatisation and diet adaptation. The first and second experiments included 36 mice obtained in two biologically independent batches of 18 mice each (n ¼ 3/batch/ day), aged 8 and 10 weeks, respectively. The colon from each mouse was removed and divided into 2-cm segments that were immediately stored in RNA later (Invitrogen, Bleiswijk, The Netherlands) at room temperature for 1 h prior to storage at À 80 1C Transcriptome analysis High quality total RNA (RNA integrity number 48.0) was isolated from a 2-cm segment colon by extraction with TRIzol reagent, followed by DNAse treatment and column purification. Samples were hybridised on Affymetrix GeneChip Mouse Gene 1.1 ST arrays.
Complementary methods were used for the biological interpretation of the transcriptome data; gene clustering using multi-experimental viewer (Saeed et al., 2006) , overrepresentation analysis of gene ontology (GO) terms using temporal and location comparative analysis using STEM (Short Time-series Expression Miner) (Ernst and Bar-Joseph, 2006 ) and construction of biological interaction networks using Ingenuity Pathways Analysis are described in detail in the supplementary methods.
Metabolite profiling
Urine samples (25-30 ml) were added to 50 ml of 0.2 M phosphate buffer (pH 7.4) in D 2 O plus 0.05% 3-(trimethylsilyl) propionate-2,3-d4 before transferring to capillary tubes for analysis by 1 H NMR spectroscopy. Tissue samples were homogenised and extracted in acetonitrile/water (1:1), as previously described (Waters et al., 2002) . The supernatant containing the aqueous phase was collected, subsequently freeze-dried and dissolved in 600 ml of D 2 O. Samples were centrifuged for 10 min at 15 000 g, and 500 ml of the supernatant plus 50 ml of water were transferred into 5 mm (outer diameter) NMR tubes for analysis by 1 H NMR spectroscopy. All NMR spectra were digitalised and imported to Matlab (version R2011a, MathWorks) for statistical analysis. All data were first visualised by Principal Component Analysis in order to identify potential outliers. Orthogonal partial least-square discriminant analysis (OPLS-DA) models (Trygg, Svante 2003) were then fitted between successive time-points in order to highlight discriminant metabolites. Principal Component Analysis, O-PLS, O-PLS-DA and Statistical Total Correlation Spectroscopy were performed using an in-house routines (Cloarec et al., 2005) .
O2-PLS models were used to integrate metabonome, transcriptome and microbiota data sets as previously described (Li et al., 2008) . O2-PLS models were calculated for pair-wise data sets. Significant variables were then selected based on their correlation with the scores of the model (Po0.01) (for detailed descriptions see supplementary material).
Accession numbers
The mouse microarray data set was deposited in NCBI Gene Expression Omnibus with accession number GSE32513.
Results

Dynamic establishment of microbial communities
The colonic microbiota composition of conventionalised mice was assessed for five time-points post-conventionalisation using the MITChip phylogenetic platform (Geurts et al., 2011) . The colonic microbiota of conventionalised mice proceeded through two major stages discriminated by low diversity of the microbiota during early stages (days 1-2) and increasing microbial diversity at later stages (days 8 and 16) of conventionalisation, ultimately reaching levels similar to those observed in conventional animals (EL Aidy et al., 2012) . MITChip analysis confirmed that this early-to-late shift is characterised by early, rapid colonisers (days 1-2) belonging predominantly to the phyla Bacteroidetes, Firmicutes (notably the class Bacilli), Proteobacteria and Actinobacteria, whereas at later stages (days 4, 8 and 16 post-conventionalisation) specific subgroups of the Firmicutes, particularly the members of Clostridium clusters IV and XIVa increased in abundance, (Figures 1a and b) . Days 1 and 2 post-conventionalisation were characterised by relatively high abundance of genera-like Enterococcus (Enterococcus urinaeequi et rel.), Bacteroides fragilis et rel., Prevotella, and Lactobacillus salivarius (Supplementary Table 1 ). At day 4 postconventionalisation, a transient abundance of Proteobacteria was detected, whereas days 8 and 16 post-conventionalisation were typically characterised by an increased abundance of genera such as Dorea, Butyrivibrio crossotus et rel., and unclassified TM7 (Supplementary Table 1 ). Taken together, MITChip analysis identified changes in the composition of the microbial communities that had established in the colon of mice over time during conventionalisation. Moreover, the MITChip analysis identified the dynamic abundance of the microbial groups that comprised the climax community. This community appeared to be established from day 8 post-conventionalisation onward, and strongly resembled the inoculum (conventional) microbiota in terms of composition and abundance. The established microbial community was characterised by large numbers of anaerobes and distinct colonisation patterns of the major groups Bacteroidetes and Clostridium cluster IV and XIVa.
In addition to determination of the phylogenetic composition of the microbiota, gene-specific quantitative PCR was employed to quantify the relative abundance of the 16S rRNA gene and of two wellstudied marker genes that represent the pathways of sulphate reduction (dissimilatory sulphite reductase (dsr) gene; Ben-Dov et al., 2007) and methanogenesis (methyl coenzyme-M reductase (mcrA) gene; Steinberg and Regan, 2008) . Expression levels of dsr and mcrA exemplify the succession of hydrogenutilizing species (sulphate reducers and methanogens), which ensure efficient H 2 removal to maintain fermentation balance in the colon (Gibson et al., 1993) . Butyrate producers were detected by the most common gene involved in intestinal butyrate production; butyryl-CoA-transferase (Louis and Flint, 2007) . The overall microbial community size as estimated by 16S rRNA gene copy number per gram of colonic content was stable at a level of Blog10-11.63±0.59 during conventionalisation. The relative abundance of the mcrA gene also appeared to be stable and stayed at low levels (log10-4.82 ± 0.82 at day 1, log10-5.2 ± 0.26 at day 2, log10-5.15 ± 0.76 at day 4, log10-3.82±1.18 at day 8 and log10-4.93 ± 0.64 at day16) over the entire duration of the conventionalisation, suggesting that the methanogen population was among the early colonisers and had already reached its final population size early in the experiment. Although the relatively low absolute abundance of the mcrA gene may be an underestimation due to DNA isolation procedures that were not optimised for lysis of the methanogens (Dridi et al., 2009) , the stability of the gene's abundance in the microbiota is most probably an accurate reflection of the evolution of this microbial group over time. In contrast, the dsr gene appeared to be B100-fold more abundant in the ecosystem during later stages of the conventionalisation (Figure 2a) , increasing from Blog10-2.54 ± 0.2 during days 1-2 to log10-4.4±0.86 at days 4, 8 and 16 post-conventionalisation. In addition, the butyrylCoA-transferase gene abundance in the ecosystem increased more than 100-fold from Blog10-9.3±0.42 at days 1-2 to log10-11.87±0.78 on days 
Dynamics of microbial fermentation end-products
The phylogenetic analysis predicted a change in global fermentative capacities of the microbiota, with a shift towards increased production of butyrate at later time-points. To assess the fermentative capacities of the successive microbial communities, concentrations of the SCFAs, acetate, propionate, butyrate, as well as lactate and succinate were determined in caecal contents. Especially Establishing microbiota-molecular colon response S El Aidy et al lactate and succinate, together with relatively high amounts of acetate and propionate, dominated the microbial fermentation-profile measured during the early stages of conventionalisation (days 1-2 and to lesser extent day 4), whereas butyrate concentrations were below the detection limit (0.11 mmol mg À 1 ). The concentrations of fermentation metabolites drastically shifted at later stages of conventionalisation (days 8 and 16 post-conventionalisation) when lactate and succinate levels were decreased below the detection limit and acetate and propionate were significantly increased (Figure 2b) . Moreover, butyrate was clearly detected at these later stages, which correlates very well with the increased abundance of butyrate producers (as shown above, Supplementary Figure 1) .
Colon mucosa transcriptome profiling focusing on metabolic functions
Previously we established a time-and regiondependent modulation of gene expression profiles during conventionalisation, in which the colon mucosa transcriptomes supported the establishment of a novel state of immune homoeostasis within 16 days of conventionalisation (El Aidy et al., 2012) . Genes belonging to the GO category 'metabolic processes' showed time-dependent differential expression in the colon; this GO category was significantly enriched (Po0.001). The genes belonging to this GO category were further analysed by Ingenuity Pathway Analysis software, which illustrated their involvement in a variety of metabolismassociated pathways (see below; Supplementary  Figure 2) . To precisely predict possible metabolic consequences of the changing metabolic gene expression profiles during conventionalisation, gene expression changes were projected onto Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic maps (www.genome.jp/kegg/) (Figure 3a) . These projections showed a significant modulation of glycolytic, amino acid and nucleotide metabolic pathways on days 4, 8 and 16, in comparison to day 0 (germfree mice) and earlier days (1 and 2) postconventionalisation. The significant induction of nucleotide synthesis and metabolic pathways were Establishing microbiota-molecular colon response S El Aidy et al illustrated by the induction of thymidylate synthase (Tyms) and ribonucleotide reductase (Rrm1 and 2), which is an essential enzyme for the production of deoxyribonucleotides (Parker et al., 1995) . The colonic metabolism also underwent time-dependent changes in expression of genes involved in aminoacid metabolism, including the glutamine and glutamate-associated pathways. This was apparent from the induction of Asns (asparagine synthetase), and the repression of the Glul (glutamine synthetase), Glud1 (mitochondrial glutamate dehydrogenase), and Abat (4-aminobutyrate aminotransferase or GABA transaminase), which converts 4-aminobutyrate into oxaloglutarate and glutamate. The strong downregulation of the genes encoding Sord (sorbitol dehydrogenase), Sis (sucrase isomaltase) and Gbe1 (glucan (1,4-alpha-), branching enzyme 1), suggest that carbohydrate metabolism is repressed. Moreover, inositol and choline metabolism appeared to be repressed, as inferred from decreased expression of Chpt1 (choline phosphotransferase 1) and Chkb (choline kinase beta). Fut2 (fucosyltransferase 2) and B3galt5 (UDP-Gal:betaGlcNAc beta 1,3-galactosyltransferase, polypeptide 5) involved in glycosphingolipid biosynthesis were upregulated from day 1 postconventionalisation onward (Figure 3a) . These transcriptome changes illustrate the dynamic changes in the expression of metabolic pathway genes in the colon mucosa upon conventionalisation, which encompass a broad area of intracellular (amino acid, glycolysis and nucleotide metabolism) as well as membrane (sphingolipid) and extracellular matrix (glycan biosynthesis) metabolic pathways.
Dynamics of local and systemic metabolic profiles
The projections of the differentially expressed genes on KEGG metabolic maps shown above, suggested that microbial colonisation would lead to changes in the abundance of those colon tissue metabolites that serve as substrate or product of the enzymes encoded by the corresponding gene differentials (Figure 3a ). Metabolic phenotyping using 1 H NMR, was performed on colonic tissue samples from germfree and conventionalised mice to investigate the impact of the colonizing gut microbiota on host colonic metabolism during conventionalisation. The time-resolved metabolite data sets were used to build OPLS-DA models, focusing on the differences between germfree and conventionalised animals over time. The analysis showed that the presence of specific microbial groups was not significantly reflected by the colonic mucosa metabolic profiles during the first two days of conventionalisation (days 1-2). During later time-points (days 8 and 16), the microbial colonisation was detectable in the mucosal metabolite profiles through significantly increasing levels of alanine, fumarate, glycine, uracil and methylmalonatew (w ¼ tentative assignment), and decreasing levels of glycerol, glucose and formate. Some, but not all, changes in these metabolic profiles appeared to be initiated at day 4 post-conventionalisation (Figure 3b ). In addition, concentrations of several mucosal metabolites appeared to transiently respond to conventionalisation, including modulated levels of acetate, aspartate, glutamine and five other metabolites (Figure 3b) .
Analogously, metabolic phenotyping using 1 H NMR, was employed on urine samples as a proxy for systemic metabolic changes. Contrary to the tissue metabolite data, urine metabolite profiles appeared to reflect the consequences of microbial colonisation during the early time-points (days 1-2), where the excretion of metabolites such as creatine and formate were increased on day 1 and days 1-2 post-conventionalisation, respectively (Figure 4a ). Whereas concentrations of the urine metabolites 2-hydroxy-3-methylvalerate, trimethylamine, Establishing microbiota-molecular colon response S El Aidy et al trimethylamine N-oxide (TMAO), b-aminoisobutyrate and b-hydroxybutyratew, appeared to fluctuate (Figure 4a ), the metabolites tryptophan and phenylacetylglycine were consistently detected at a higher level during conventionalisation as compared with germfree animals.
Microbiota-metabolite-transcriptome correlation mining
The identified changes in the local and systemic metabolic profiles appeared to coincide with the transcriptome shifts and the succession of the microbial communities that established during the conventionalisation period. To test this notion, statistical modelling (using O2-PLS methods) was employed to detect significant correlations between microbial groups and the mucosal transcriptome, the mucosal and urine metabolic profiles. O2-PLS regression-models (Trygg, Svante 2003) between 1 H NMR urine spectra and level-2 (genera-like) MITChip absolute abundance scores were performed to search for statistically and biologically meaningful correlations between microbial taxa in the colon, colon transcriptome and concentrations of specific metabolites. The MITChip probe intensities that were best predicted by the variation in the 1 H NMR data were assigned to level-2 groups within the phylum Bacteroidetes. The closest relative isolates of the identified genera included, Prevotella ruminicola et rel., Alistipes, Rikenella and unclassified Porphyromonadaceae. O2-PLS modelling found multiple correlations between these microbial groups and the urine metabolites, fumaric acid, 2-oxo-glutaric acid and malic acidw (Figure 4b) .
A similar modelling strategy was performed to search for correlations between colonic tissue 1 H NMR metabonome and transcriptome. During conventionalisation, the metabolites glutamate, alanine and glycine were positively correlated with a set of induced genes that have a role in multiple metabolic pathways, including nucleotide metabolism, and Oand N-glycan biosynthesis and degradation. In contrast, the tissue concentrations of scyllo-and myo-inositol were positively correlated with a set of repressed genes that also had roles in multiple metabolic pathways, including phosphoglycerolipid metabolism, sialylated glycan biosynthesis and degradation and glycine and serine metabolism (Supplementary Figure 3) .
Correlation analysis of changes in colonic tissue metabolites, host metabolic gene expression and microbiota taxonomical assignments illustrated that phylum/class microbial groups correlated to subsets of genes within the mucosal transcriptome data. More specifically, a positive correlation between Bacilli with a subset of the genes of which expression was positively correlated with scyllo-and myoinositol concentrations was identified. Analogously, a positive correlation between alpha-and epsilonProteobacteria and a subset of the genes of which the expression correlated with tissue concentrations of glutamate, alanine and glycine was detected ( Figure 5 ). The O2-PLS correlation analysis found strong correlations between changes in the microbial colonisers of the colon, subsets of genes from the tissue transcriptomes and concentrations of specific tissue metabolites. These statistical correlations can be considered to be of biological relevance as the differentially expressed genes and the correlating metabolites belong to coherent metabolic pathways ( Figure 5, Supplementary Figure 3) .
Discussion
Several studies have shown that interactions between colonic microbes and germfree mice, lead to basal changes in host metabolism (Bäckhed et al., 2004; Nicholson et al., 2005; Turnbaugh et al., 2009 ). However, these changes have hardly been investigated at a time-resolved molecular level. Here an ecosystems biological approach was employed to investigate the interactions between colonising microbes and colonic transcriptome and metabonome, as well as systemic changes in metabonome based on urine metabolites (Figure 6 ).
Detailed analysis of the composition of the colonising microbiota demonstrated that the establishment of microbiota in the large intestine of mouse is characterised by two major phases. The early, transient phase (days 1 and 2) showed low microbial diversity with typical formate, lactate and succinate production (as measured in the caecum), while the later, more stable phase showed a microbial community of higher diversity in terms of composition that resembled the inoculum. The latter phase was characterised by expansion of sulphate reducers such as Desulfovibio spp. and strictly anaerobic species belonging to the major Clostridia clusters such as Clostridium cluster IV and XIVa, which contain butyrate producers. This bacterial expansion was confirmed by the quantitative PCR detection of the genes associated with these bacterial groups (dsr and butyryl-CoA-transferase, respectively). At day 4 post-conventionalisation, transient colonisation by some Proteobacteria was detected. This microbiota colonisation succession showed statistically significant and biologically relevant correlations with alterations in the geneexpression patterns and metabolite profiles from the colonic tissue. These colonic mucosa correlations were especially significant from day 4 post-conventionalisation onward. In contrast, statistical correlations between systemic metabolite concentrations that were measured in urine samples could be detected at the earliest time-points during conventionalisation (that is, days 1-2), suggesting a rapid and transient systemic metabonome-change by altered metabolite absorption from the gut. This implies that already 1 day after microbial colonisation of the intestine, the presence of the microbiota Establishing microbiota-molecular colon response S El Aidy et al led to altered systemic metabolites profiles that were most likely because of altered luminal metabolite profiles and their absorption by the intestine. Remarkably, such absorption changes did not appear to induce changes in gene expression profiles in the colon mucosa, suggesting passive absorption or the presence of the respective transporters in the epithelium of germfree mice. Clear correlation was found between the abundance of Prevotella ruminicola et rel. with the urine concentrations of the metabolites, fumaric acid and 2-oxo-glutaric acid. This correlation may have reflected a temporarily decreased utilisation of tricarboxylic acid cycle intermediates by the host (Figure 4b ). Alternatively, these metabolites could have been derived from the bacterial metabolism, which would be in agreement with the capacity of the correlated bacterial groups to produce oxaloglutarate by reductive carboxylation of succinate (Henderson, 1980) . Succinate was detected at high Figure 3A) , Bacilli and scyllo-and myo-inositol tissue metabolites (a) (positive correlation). Model (2) correlation computed between colonic tissue transcriptome (shown in Supplementary Figure 3B) , glutamate, alanine and glycine tissue metabolites and epsilonproteobacteria, (b) and alphaproteobacteria (c) (positive correlation).
Establishing microbiota-molecular colon response S El Aidy et al levels in the caecal lumen from 1 to 4 days postconventionalisation, which could be due to the abundance of Bacteroidetes groups, known producers of succinate (Scheifinger and Wolin, 1973) , during the early phase of conventionalisation. The early phase of conventionalisation of the colon was also characterised by accumulation of lactate, which can be formed by intestinal lactic acid bacteria or by a variety of other microorganisms in the gut ecosystem (Barcenilla et al., 2000) . It is of relevance that the results have shown that the initial microbial ecosystem that establishes during the first days of conventionalisation (days 1-2) appears to be relatively ineffective in the extraction of energy from dietary materials, which is exemplified by the accumulation of 'high-energy fermentation metabolites' such as lactate and succinate. At later days, the subsequent establishment of typical secondary fermenters in the microbial ecosystem such as the members of the Clostridium clusters IV, XIVa and sulphate reducers led to the depletion of lactate and succinate in the large intestinal lumen. The increasing concentrations of typical secondary metabolites such as acetate, but notably propionate and butyrate in the large intestinal lumen, known to be produced by different bacterial groups including the Clostridia and Proteobacteria (Falony et al., 2006; Flint et al., 2008; Marquet et al., 2009) , provide support for the secondary conversion of lactate and succinate by these bacteria. These later stage developments in the microbiota community are paralleled by prominent changes in the colon-mucosa transcriptome and metabolite profiles. SCFAs are recognised by G-protein coupled receptor (GPCR) 43, a gene encoding a GPCR (Brown et al., 2003) that has been proposed to constitute a molecular link between diet, microbiota and immune responses (Maslowski et al., 2009) . The microbiota-accommodating homoeostasis that we previously reported to establish during the later phase of colonisation (days 8-16) (El Aidy et al., 2012) , was also associated with the appearance of butyrate in the large intestine where it has been proposed to serve as the primary energy source for colonocytes (Donohoe et al., 2011) , and has an important role in the regulation of fatty acid oxidation (Vanhoutvin et al., 2009 ). The Establishing microbiota-molecular colon response S El Aidy et al mitochondrial hydroxy-3-methylglutaryl-CoA synthase (Hmgcs2), which is involved in fatty acid oxidation (Scheppach et al., 1995) has been shown to be regulated by butyrate production by the intestinal microbiota (Cherbuy et al., 2004) . The temporarily decreased expression of Hmgcs2 at day 4 postconventionalisation but not at later time-points (Figure 3 ) may illustrate a transient impairment in b-oxidation, suggesting a metabolic shift towards anabolic metabolism via amino acid and nucleotide metabolism. The decreasing concentrations of inositol metabolites was strongly correlated with the decreased expression of genes encoding enzymes involved in the metabolism of inositol, choline and related metabolic pathway involved in the assimilation of sarcosine, glycine and betaine. These modulations of the inositol and related metabolic pathways could also be associated with the intestinal colonisation by bacteria that can metabolise choline into methylamines (Kiene, 1998) . The choline metabolism was reflected by the increased levels of its derivativemetabolites, trimethylamine (TMA) and TMAO that were identified in the urine samples of conventionalised mice, which is in agreement with previous reports (Nicholls et al., 2003) . Interestingly, TMA and subsequent TMAO production by gut microbiota has recently been reported to promote atherosclerosis and cardiovascular diseases (Wang et al., 2011) . This further supports the importance of improved understanding of the microbe-host metabolic interaction in view of its link to diseases of the host.
This study also identified a statistical correlation between the transiently increased abundance of alpha-and epsilon-Proteobacteria, and alterations in tissue and luminal metabolite levels (increased levels of glutamate, alanine, lactate and glycine, decreased levels of glucose) as well as specific changes in expression of metabolic pathways genes (increased expression of genes involved in the rate limiting steps of glycolysis, amino acid and nucleotide metabolic pathways) (Figures 5b and c) . This association appears to be of biological relevance in that it suggests that the colonic metabolism is shifting towards increased energy production via glycolysis and assimilation, via anabolic metabolism, of novel cell components starting at day 4 onward. This proposed assimilation and production of novel cell components correlates well with the morphological changes that we previously observed in the colonic tissue during later time-points of conventionalisation (El Aidy et al., 2012) .
In conclusion, the time-resolved ecosystems biology approach applied in this study showed how different microbial taxa and their metabolites influence local (tissue metabolites and transcriptomes) and systemic (urine metabolites) metabolism in time. We inferred from these reciprocal metabolic changes in mice and microbiota that the changes in host transcriptomes and metabolites are exemplary for the establishment of a novel homoeostasis that accommodates the microbiota. Based on the changes in gene expression and metabolite concentrations, homoeostasis was reached in the colon of the mice after 16 days post-conventionalisation ( Figure 6 ). The transient phases prior to this novel state of homoeostasis appeared to include a transient state of dysbiosis apparent from the inefficiency of early colonising communities to effectively extract energy from the dietary components, leading to the accumulation of 'high-energy metabolites' and impaired fatty acid oxidation. After this initial, transient state, establishment of later colonisers depleted the highenergy metabolites and generated second-stage fermentation SCFAs that can be efficiently metabolised by colonic epithelia. We propose that the dynamic molecular interactions between the microbiota and their hosts presented here revealed metabolic pathways and processes that contributed to the molecular definition of symbiotic, homoeostatic interrelations between intestinal microbiota and the colon mucosa.
